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Abstract 
Solar-hydrogen systems employing a photovoltaic array and storage of surplus energy in the form of hydrogen are an attractive zero-
emission and low-maintenance solution for remote area and other standalone power supplies to replace diesel and PV- battery systems. A 
number of experimental and demonstration solar-hydrogen systems have been constructed and tested, but little work has been done to date 
on an overall control unit for such systems. The present paper thus focuses on the design of a control unit for a solar-hydrogen system 
with hydrogen generation via a proton exchange membrane (PEM) electrolyser, compressed gas or metal-hydride hydrogen storage, and a 
PEM fuel cell. Particular emphasis is placed on the design of an integrated maximum power point tracker and load splitter that can 
dynamically supply power to meet the load and divert any surplus to operate the PEM electrolyser and produce hydrogen for storage. Two 
alternative algorithms for the execution of the load splitting function are outlined. Measurements of the typical variation of solar radiation 
over a very short time scale, together with typical household load variations, are used to suggest an appropriate unit time interval within 
which the system operates at selected optimal settings. The main components of a planned experimental program to measure the 
performance of the control unit for a small standalone solar PV-hydrogen system are presented. 
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the International 
Energy Foundation 
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Nomenclature 
AC  Alternating current  LS  Load split 
iC   Cut in    MPP  Maximum power point 
D  Duty of cycle   MCU  Micro-controller  
DC  Direct current    P&O   Perturb and observe 
E  Electrolyser   PEM   Proton exchange membrane 
FC  Fuel cell    PV  Photovoltaic 
L  Load    RAPS  Remote area power supply 
  Slope      Ratio (PV power) 
1. Introduction 
As a renewable and clean energy source, solar energy has gained significant attention in recent years due to the high 
demand for low energy at a competitive cost and with zero greenhouse gas emissions[1].Since solar energy is inherently 
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variable and intermittent, one of the major barriers to its widespread use in supplying reliable electrical power is the 
requirement to storing electrical energy. [2]. For standalone applications, this problem can be solved by providing energy 
storage devices for both short term and long term fluctuations in solar radiation.  The use of a hydrogen-based energy 
storage system is an attractive option for such energy storage, wherein surplus electrical power from a photovoltaic array is 
diverted to an electrolyser to produce hydrogen for storage by water splitting, and then the stored hydrogen is fed to a fuel 
cell at times of low or no solar radiation to meet the supply deficit. 
Considerable research and development work has been done on the various components of solar-hydrogen system for RAPS, 
namely the solar photovoltaic array, electrolyser, hydrogen storage and fuel cell [3-7]. A number of experimental and 
demonstration systems have been reported in the literature [8-10]. However, there remains a need for further work on the 
overall control unit for such systems as well as reducing the overall cost of the system, extending the lifetime of 
components, and ensuring safety. The present project focusses on designing and testing preferred options for splitting the PV 
output between final load and electrolyser as required by the instantaneous system conditions, as well as achieving high 
power transfer efficiency to the combined final load and electrolyser. 
A key planned outcome of the project is the development and experimental testing of a control unit that can meet all the 
operational, reliabilities and safety requirements of a solar-hydrogen RAPS system operating autonomously for long periods. 
One or more devices for splitting the output of the PV array between final load and electrolyser will be designed and its 
performance measured in an experimental system on an annual basis. Performance data on a solar-hydrogen system 
incorporating the new control unit, including measures of system reliability and safety will be obtained.  It is intended that 
the project will break new ground because no such overall control unit that enables the safe, reliable, stand-alone operation 
of a solar-hydrogen system currently exists. 
In section 2 of this paper, the functional requirements of a control unit for a solar-hydrogen system for RAPS, and some 
initial design principles are identified in section 2. Different control algorithms are studied and elaborated in section 3. 
Section 4 outlines planned experimental work to test the control unit. 
2. Functional requirements of a typical solar-hydrogen system for standalone application 
2.1. Control requirements of a standard solar hydrogen system 
The standard solar-hydrogen for RAPS applications is a standalone system comprising a photovoltaic array, PEM 
electrolyser, PEM fuel cell, hydrogen storage at low pressure (metal-hydride storage) and DC-AC inverter (Figure 1). 
 
 
Fig. 1. A basic solar-hydrogen system for a RAPS application 
Solar energy is converted to electrical energy by the PV array and directly connected to the electrical load. When there is 
excess PV power over the load, the system will send the excess power to the electrolyser for producing hydrogen for 
storage. Later, when there is not sufficient solar energy to meet the load, hydrogen is drawn from the storage canister and 
fed into the fuel cell for producing electricity to meet the supply deficit. 
109 Xin Xu Dou and John Andrews /  Procedia Engineering  49 ( 2012 )  107 – 115 
The advantages of using hydrogen for energy storage is that it can stored as compressed gas, or in metal hydrides that have a 
high energy per unit mass on a system basis [7], without the self-discharge of a battery. Of particular benefit to standalone 
solar RAPS systems, hydrogen can retain its energy content over long periods, from summer to winter, for example, 
allowing surplus solar energy in the summer to be stored for reuse during the less sunny winter period. Hydrogen can be 
stored in solid-state form at relatively low pressures in certain metal hydrides, which have safety advantages over high-
pressure gas storage [7]. 
Ideally the photovoltaic array should operate as close as possible to its maximum power point (MPP) at all times whether it 
is supplying just the final load, or the load plus the electrolyser. These functions, along with load splitting, are the critical 
ones that a control unit for a solar-hydrogen system should perform. Overall the control unit must ensure the system 
operates efficiently, continuously, reliably, safely, and in an environmental friendly manner at all times without additional 
intervention, that is, autonomously.   
2.2. Mode switching 
2.2.1. Overview of control modes 
 
The system has two main control modes: 
 
 In control mode 1 the electrical load can be met entirely by the PV array, and any surplus power remaining from the PV 
array over the load is fed to the electrolyser to produce hydrogen as backup storage; 
 In control mode 2 the load can not be totally supplied by the PV array itself and the energy deficit needs to be 
accommodated by using stored hydrogen to supply a PEMFC;  
The proposed solar-hydrogen system must be switch between the two modes depending on the relative magnitudes of the 
instantaneous solar radiation and load to be supplied. 
2.2.2. Control mode 1 
 
If , where  is the output of PV array and LP  is usually the  primary electrical load, 
the system must be set to operate in control mode 1. 
In control mode 1, the load is supplied directly and wholly by the PV array, and the excess PV power over the load, after 
taking into account energy losses in the control circuits, is fed to the PEM electrolyser for hydrogen production. Therefore, 
assuming maximum power point operation the excess power available from the PV array over the load, , can be 
represented as: 
 
    (1) 
 
 
Where comprises the efficiency of converting the output of the PV array to usable energy within the control unit, that is, 
taking into account energy losses in the DC-DC converter/load splitter. This efficiency is assumed to be the same for both 
power delivered to the load and electrolyser. 
The on/off conditions of the electrical components, and key valves in the system, for mode 1 are summarised in Table 1. 
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Table 1: The on/off conditions of the components, and key valves in the system, for control mode 1 
PV arrays Deionised water
PEM electrolyser Hydrogen canister
PEM fuel cell Hydrogen check valve (inlet)
DC-DC converter Hydrogen supply valve (outlet)
DC-AC inverter Air supply
ELECTRICAL 
COMPONENTS
ON OFF VALVES ON OFF
 
2.2.3. Control mode 2 
 
If , the system is set to operate in control mode 2, where the load is supplied only partially by the PV 
array, and the supply deficit is supplied by the fuel cell. The amount of load that must be met by the fuel cell by drawing 
hydrogen from the storage canister is given by: 
 
     (2) 
From (1): 
    (3) 
 
The on/off conditions of the electrical components and key valves in the system, corresponding to mode 2 are 
summarised in Table 2. 
Table 2:  The on/off conditions of the electrical components, and key valves in the system, corresponding to control mode 2 
PV arrays Deionised water
PEM electrolyser Hydrogen canister
PEM fuel cell Hydrogen check valve (inlet)
DC-DC converter Hydrogen supply valve (outlet)
DC-AC inverter Air supply
ELECTRICAL 
COMPONENTS
ON OFF VALVES ON OFF
 
 
 
When ( ) 0PV LS LP P  during the day time and the system operates in mode 1, the PV 
power will be split between the load and electrolyser depending on the solar radiation, with the surplus PV power over the 
load going to the electrolyser for producing hydrogen.  
The control unit should also either be pre-programmed with the voltage-current characteristic curve of the PV array, or 
make rapid adjustments to the effective impedance across the output terminals of the array, so that the PV array operates 
close to its maximum power point at all times (see Figure 2 and [11]). Keeping in mind that at different temperature and 
different solar radiation, the MPP will not remain the same, as shown in Figure 2. At any given time and temperature, every 
MPP of the PV array will have its own unique voltage and current; therefore the electric power output is distinct. Hence in 
Figure 2, there will be only one MPP for each curve, corresponding to the product of  and , 
 . 
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Fig. 2. V-I characteristics of a photovoltaic panel and its maximum power points irradiances and corresponding temperatures for a BP275 solar module 
All these optimal matchings must be performed over each discrete small time interval in order to obtain the most energy-
efficient and cost-effective solar-hydrogen system. The most appropriate basic small interval to be employed in the control 
unit is still being investigated and is a matter of some complexity since it depends, among other factors, on the rate of 
change of incident solar irradiance, the rate of change of the load and the response time of the control unit in finding the 
optimal settings for a given solar irradiance and load. 
3. Control scheme for load splitting and power tracking 
3.1. Known characteristics of the PV array and PEM electrolyser 
A schematic diagram of a system based on two DC-DC converters in parallel to effect the combined MPP tracking and 
load splitting functions is shown in Figure 3. The electrical load and PEM electrolyser are each fed by a DC-DC converter 
controlled by a micro-controller. In control scheme 1, the output of PV array would supply the load via the converters 
entirely, with surplus power over the load being fed to the PEM electrolyser by setting the voltage to exactly the right value.  
In control scheme 2, any available PV power is fed to the load via the DC-DC converter, while the second output of the 
converter is set to zero, since there is no surplus power to deliver to the electrolyser. 
Such a control method requires the I-V characteristics of the PV array and PEM electrolyser to be known and stored in 
the micro-controller.  Firstly the PV characteristic must be used to set the impedance on the input side of the dual DC-DC 
converter so that maximum possible power is drawn from the PV corresponding to its MPP on its I-V characteristic for the 
particular incident radiation, as shown in Figure 2. Secondly the I-V characteristics of the PEM electrolyser must be 
employed to set the voltage output of the second converter so that the electrolyser draws the excess PV energy over the load, 
minus any losses in the control system itself (as shown in Figure 4). 
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Fig. 3. Load splitting circuit (electrical load and PEM electrolyser) concept via DC-DC conversion 
 
 
Fig. 4. Generic PEM electrolyser voltage vs current characteristic curve. VE (instantaneous voltage measured across electrolyser) must be set by the second 
DC-DC converter so that the electrolyser draws the available excess power over the load (taking into account any control unit losses) 
Let  be the instantaneous power measured from the PV array,  be the theoretical maximum power   
obtainable from the PV array, and  be the instantaneous electrical load to be supplied. We define  
 
       (4) 
Assume  without any losses, and that this voltage, which is the input to the buck converter prior to the 
electrolyser is held constant.  curve of PEM electrolyser as shown in 
Figure 4: 
,   and  
From (5), the available power input to the electrolyser is: 
    (5)  
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                                  (6) 
Hence 
         (7) 
 
The negative root here would give a negative value of D, which is not physically meaningful. Hence taking the positive 
root gives:  
 
2
, , ,max( ) 4
2
E ci E ci E
E
V V P
V  
  is a function of  =, namely ( )EV  
 
buck
reg
VD
V
 or 
( )E
reg
VD
V
 
 
        (8) 
 
Let us now check the boundary values of this formula. When = 1: 
 
2
, , ,max ,max( ) 4 ( )
2
E ci E ci E E
reg
V V V I
D
V
 
Where  
 
 
 or          (9) 
As required, When = 0 
            (10) 
So the controlled voltage input to the electrolyser can be related to the ratio between its cut-in voltage and the regulated 
supply voltage from the PV array at the output of the first DC-DC converter as required. The operating range of conversion 
ratio can be represented as:   
  or ,0 1E ci
reg
V
V
 
System variables already measured are  (which is the multiple of ),  (multiple of ) 
and (multiple of ),  represents the gradient of the slope for the PEM electrolyser as shown in 
Figure 4. 
In this operation, the control unit needs to compute and compare the power difference between the photovoltaic array and 
the electrical load. Hence, variables need to be measured are: 
 
, , ,PV PV L LV I V I  
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Once the control unit has the values of these variables, the instantaneous power output of the PV array  and power 
requirement of load , can be computed and compared. Hence whether there is any surplus power to supply PEM 
electrolyser  (product of  and ) can be determined. As shown in Figure 3,  and  are measured and fed to 
the DC-DC regulator (which also serves as the maximum power point tracker MPPT). It is assumed that the output voltage 
  from the DC-DC regulator is a constant voltage and allowing current to fluctuate; then the reduction ratio between 
 and will hence determine the value of D.  
 
 
Inputs Process Ouputs 
, ,PV reg LV V V  
2
, , ,max ,max( ) 4
2
E ci E ci E E
reg
V V V I
D
V
 
 
E regV D V  
0 1D  
 
 
 
3.2. Iterative self-adaptive method using modified hill climb method 
An alternative approach to achieving the MPPT/load splitting function is to use an iterative self-adaptive method 
employing a hill climb method. This method does not require inputting and using the already obtained characteristics of the 
PV array and PEM electrolyser. Instead, power generation and power consumption are compared via the algorithm build-
into the microcontroller; The maximum output from the PV array is determined by ensuring that the load is met while 
rapidly varying the load supplied to the electrolyser within each basic time interval. 
 
Fig. 5. Schematic configuration of control and electrical flow for present solar-hydrogen system 
A schematic of a control unit working on this principle is shown in Figure 5. The key variables sensed at the beginning 
of each time interval are and. Hence the microcontroller unit (MCU) calculates the power drawn from the PV. This method 
involves more complex programming and dynamic changes, but it has the potential advantage of being able to find the 
maximum power point and correct setting for the electrolyser even if the I-V characteristics of these units varies over time, 
which indeed is likely to be the case to some small extent. 
4. Conclusions 
The basic functionality of a control unit for a solar-hydrogen system for RAPS has been described and two alternative 
control methods are presented. It is planned to construct an experimental solar-hydrogen system to investigate the 
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performance of both the above mentioned algorithms. The experimental system will comprise PV array with a maximum 
power of about 150 , voltage and current measuring sensors, DC-DC step-down converter, micro-controller with 
ancillary inputs and outputs, 3 PEM electrolyser rate at 50 each and a DC programmable load. Parameters that must be 
measured at regular small intervals of time include solar radiation, voltage and current input from PV array, voltage and 
current required from the load, and voltage and current delivered to PEM electrolyser. Then, the actual total electrical output 
supplied can be compared with the theoretically calculated maximum power generation according to the characteristics of 
 will be 
measured. 
Current development is in the stage of finalising electronics hardware selection. Control strategies and experimental testing 
are planned. Both theoretical functionality and dynamic iteration methods are studied, in which both methods will be tested 
on the same circuitry setup to compare and contrast the performance as well as system behavior. The algorithm has been 
developed based on a modified hill climb method. Using this algorithm, the program endeavor to keep on tracking 
maximum power point of the PV array. It is also consider the possibility of combining the iterative method with formulate 
method using the characteristics behavior of PV and PEM electrolyser. Overall output conversion efficiency recommended 
by the buck converter manufacturer is estimated in the range of 95% up to 98% at 150 to 240  (desire output of 14 
VDC, 12 A). 
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